Common bean (Phaseolus vulgaris L.) is one of the major sources of dietary protein for humans in Africa and Latin America. Efficient remobilization of storage materials accumulated in different tissues to seeds is one of the few alternatives that plants have to produce viable seeds under stress conditions. The aim of this study was to evaluate the biomass remobilization in two common bean (Phaseolus vulgaris L.) cultivars under water restriction. We hypothesize that under water restriction both cultivars exhibit a different pattern of remobilization of assimilates toward the seed. Plants of cv. V8025 and Canario-60 were irrigated to field capacity until starting seed filling stage under greenhouse conditions. At 63 days after sowing, one group of plants was continued watering and another group was suspended watering. Five plants of each treatment were harvested starting watering halted (0 days) and after 5, 10 and 20 days. Dry mass of stem, branch, leaves, pod wall, seeds and yield components were evaluated; glucose, fructose, sucrose and starch in leaves and pods wall were calculated. In Canario-60 number of seeds and harvest index were not affected by water restriction; in contrast, in V8025 were strongly reduced. Both cultivars modified pattern of soluble sugars and starch accumulation in leaves in response to water restriction. Pods of both cultivars showed efficient degradation of starch. Canario-60 was also efficient for soluble sugars remobilization and contrasted with V8025. Results suggest that the capacity to translocate soluble sugars from pod wall or leaves to seeds filling could be an important adaptive response of common bean cultivars when stress for water restriction affects plants during grain filling periods.
Introduction
The common bean (Phaseolus vulgaris L) is a legume that is consumed by millions of people as a main source of protein in many countries worldwide (Beebe et al., 2013) . Water restriction is an important constraint of crop yield in Africa and Latin America in particular, and increasing losses are expected as a consequence of climate change (Shrestha et al., 2012) . Extensive work has been performed to understand the bases of the mechanisms (avoidance, tolerance and recovery) that various plant species use to cope with water restrictions with the goal of identifying and selecting traits for adaptive water restriction responses (Lewitt, 1972) .
Tolerance to water restriction includes complex physiological traits that must be analysed in terms of the variation of plant's ability to sense changes in the environment and to produce plastic responses (Cortés et al., 2011; Suárez et al., 2008) . The degradation of reserves and remobilization of components (Asfaw et al., 2012) could be linked to physiological responses at the cellular and tissue levels (Yang et al., 2014) . Carbon assimilation depends on the sustained photosynthetic ability of the source, whereas sink strength determines the ability of the storage organs to import and use the available assimilates (Beebe et al., 2013) . Photosynthates remobilization between the source and sink are also especially important for legumes, which often remain green-stemmed at the end of the season, indicating a potential capacity to remove carbohydrates from roots and stems to grain during late growth (Cuellar-Ortiz et al., 2008) . Some reports proposed that grain filling is closely linked to the whole-plant senescence process (Muchero et al., 2013; Panda and Sarkar, 2013; Chen et al., 2015) . In particular, leaf senescence can reduce the duration of the photosynthetic period as well as the photosynthesis rate. However, leaf senescence can also effectively contribute to the grain-filling period through C remobilization from vegetative tissues to the grain (Asfaw et al., 2012) . The amount of organic C stored in leaves and pod walls as a carbohydrate and the mechanism that facilitates this allocation during seed filling represents a potential means for C remobilization (Distelfeld et al., 2014) .
Extensive evidence demonstrates the importance of the remobilization of materials stored in the pod walls that support grain filling under stressing conditions (Cuellar-Ortiz et al., 2008; Rosales et al., 2013; Coello and Martínez-Barajas, 2014) . Up to 50% of pod walls dry weight can be used to support seed development when the fruit is separated from the plant (Coello and Martínez-Barajas, 2014) . However, the remobilization of photosynthates from the pod walls supports grain filling and can be impaired by stress via severe water restriction, leading to thick pod wall formation (Clavijo Michelangeli et al., 2013) .
The objective of this study was to evaluate the relevance of the remobilization of materials accumulated in the leaves and pod walls of two common bean cultivars to promote seed development under severe water restriction stress. We aimed to determine the contribution of the biomass remobilization in leaves and pod walls of two cultivars with type I growth habits under greenhouse conditions and to obtain indicative traits of water restriction tolerance that can be used in field experiments.
Materials and methods

Plant material
Cultivars V8025 and Canario-60, both showing a determinate growth habit (type I, CIAT, 1982) and water restriction during seed development, were analysed. The experiments were performed during May and August of 2015 in a greenhouse at the Colegio de Postgraduados, Campus Montecillo, Texcoco, Estado de México (19°27′ 40″ N, 98°54′ 19″ W and 2353 m of altitude). The experimental conditions include an average day temperature of 24 ± 4°C.
Experimental design
The experimental design was completely randomised with four treatments: two cultivars and two water conditions (control without water restriction and water restriction), each one with five replications represented by a single plant. In this study we used a similar method previously described by Cuellar-Ortiz et al. (2008) , Rosales et al. (2012) and Coleto et al. (2014) . Each plant was grown in a plastic pot (20 × 12 × 19 cm) with 4 kg of a volcanic stone cinder with particles ≤5 mm diameter. The plants were irrigated with Steiner nutritive solution (Steiner, 1984) prepared with tap water, commercial fertiliser, potassium phosphate and reagent-grade sulphuric acid. The upper surface of each pot was covered with black polyethylene film to prevent substratum water evaporation. The water content substratum was assessed periodically via weighing (each pot). Thus, the plant water lost through transpiration was quantified. In a group of plants, the watering was suspended reached 63 days after sowing (DAS), which coincides with the beginning of pod filling or stage R8 (CIAT, 1982) . Thereafter, four samplings were performed at 0, 5, 10 and 20 days after suspension of watering (DASW). The other set of plants was sampled at the end of the cycle (24 DASW) when the seeds reached maturation. The plants were cut at the substrate surface and put in a paper bag for processing in the laboratory. Fruits were separated into pod walls and seeds, which were separately put in paper bags and oven-dried at 80°C for 4 days. The rest of the plant was dried in the same way. Dry matter accumulation and distribution into the leaves, stem, pod walls and seeds were determined. Abscised leaves were also included to calculate the total dry matter production.
Biomass partitioning, harvest index modified and pod filling index determinations
The biomass dry weight of the vegetative shoot organs, number of pods, weight of the pod walls, number and weight of the normal seeds per plant (and classified by size) were registered at 24 DASW. A modified harvest index was calculated, using the above ground dry biomass, as the ratio of the seed weight at harvest over the dry weight of the total plant biomass (including the attached and abscised leaves) multiplied by 100 (Kohashi-Shibata et al., 1980) . Similarly, the pod filling index was calculated as the ratio of seed weight over the dry weight of the harvest pods multiplied by 100 (Escalante-Estrada and Kohashi-Shibata, 2015).
Sugar extraction and determination
Leaf and pod wall samples (100-300 mg) were homogenised in 1.5 mL 80% ethanol and extracted at 80°C for 30 min. Samples were centrifuged at 10,000 ×g for 10 min. The extraction was repeated twice, and the supernatants were combined. The soluble fraction was used to determine glucose, fructose and sucrose; the starch was quantified in the insoluble pellet. In the first case, ethanol extract (5 μL) was mixed with 250 μL of 25 mM HEPES-HCl (pH 8.0), 50 mM KCl, 1 mM ATP, 3 mM MgCl 2 , 0.3 mM NAD + and 1 U mL − 1 yeast hexokinase (EC 2.7.1.1), and basal absorbance at 340 nm was determined using a microplate reader (Multiskan FC microplate photometer, Thermo Scientific. USA). In the second stage, 1 U mL −1 glucose 6-phosphate dehydrogenase (EC 1.1.1.49) was added to the mixture, and the stable absorbance at 340 nm was taken. Fructose was quantified in the same manner after the addition of 1 U mL −1 phosphoglucose isomerase (EC 5.3.1.9), and the end 1 U mL −1 invertase (EC 3.2.1.26 was added) and glucose and fructose were quantified in the same reactions. In this sequence of reactions, sugars are stoichiometrically converted to G6P and thereafter to 6-phosphogluconate. For each mol of hexose converted to 6-phosphogluconate, 1 mol of NADPH is produced. The sucrose calculation considered that 2 mol of NADH are produced per mol of the sugar. For starch measurement, the pellet was resuspended in 1.5 mL of water and incubated at 90°C for 4 h. After cooling, 220 U amyloglucosidase (EC 3.2.1.3 from Rhizopus) in 1.5 mL 200 mM acetate buffer (pH 4.5) were added to each sample. The samples were incubated at 37°C overnight and after centrifuge at 10,000 ×g for 10 min; glucose was determined in the supernatant using the previously described enzymatic method (Bernal et al., 2005) .
Results
Water restriction treatment lead to severe loss of water in the substrate
Water restriction from the beginning of seed filling (63 DAS) to the end of seed development led to a drastic loss of substrate water content in both cultivars (Fig. 1) . After 5 days of water restriction, the substrate of V8025 plants was 50% that of the field capacity (0.25 mL g −1 or 50%);
that of Canario-60 was 78% of the field capacity (0.39 mL g
−1
). The differences between cultivars were progressively reduced, and 20 days after the water restriction started, the substrate water content was the same for both cultivars (0.15 mL g −1 or 25% of field capacity). Water restriction modified the frequency distribution of the seed size per plant in both cultivars (Fig. 2) . The histograms showed that water restriction in cv. V8025 led to reductions in seed number and seed weight by approximately 50%; in cv. Canario-60, the seed number was slightly reduced but a 30% reduction in seed weight was observed (Fig. 2) . These results clearly indicated that V8025 was more affected by water restriction and that the response to water restriction differed according to the cultivar.
Effect of water restriction on matter distribution
To evaluate the effects of water deficit on biomass remobilization to the grain, we determined the plant matter distribution (Fig. 3) and calculated the harvest index and pod partitioning index (Fig. 4) . Dry mater distribution significantly differed according to the cultivars and watering conditions; however, the restriction of moisture decreased significantly seed production per plant in V8025 (76.4%) and Canario- 60 (41.0%). In contrast, the biomass of the above plant tissue, without reproductive structures, decreased by 13.0% and 7.6% in V8025 and Canario-60, respectively. Additionally, the pod walls biomass accumulation per plant decreased by 40.7% in V8025 and 23.5% in Canario-60 due to water restriction. However, the difference compared with the well-watered plants was significant only in the V8025 (Fig. 3) .
Water restriction promotes differential harvest index and pod filling index
As could be expected, both cultivars under water restriction showed that pod walls biomass and total plant biomass led to a lower harvest index and low pod filling index. The decrease in harvest index under moisture restriction was 29.6% in cv. V8025 and 6.7% in Canario-60 (Fig. 4A) . However, the pod filling index was reduced only in V8025 (Fig. 4B ). These data support the notion that more efficient C translocation into the seed is part of the mechanism by which Canario-60 responds to water deficit conditions.
The contribution of the pod walls dry weight to grain filling was compared between the cultivars (Fig. 5) . In well-watered conditions, a 90% increase in pod walls dry weight for V8025 was observed during the first 10 days of the seed filling period, and 47% of this was remobilised between 10 and 20 days into the grain filling period (Fig. 5A) . In Canario-60, it appears that under normal conditions the remobilization of the pod walls material did not support seed development. However, after 10 days of water restriction, the remobilization of the pod material was promoted. Approximately 50% of the pod walls dry weight was lost between 10 and 20 days; however, this was not sufficient to maintain dry matter accumulation in the seeds (Fig. 5D) .
Water restriction effect on soluble sugars and starch accumulation in leaves and pods
To investigate the relationship between the remobilization process and C metabolism, the concentrations of glucose, fructose, sucrose and starch were determined in the leaves, pod walls and seeds (Figs. 6, 7 and 8). Water restriction significantly and negatively affected the soluble sugars contents in both cultivars. The leaves of the unstressed plants in both cultivars showed a slight increase in glucose and fructose (Fig. 6 A-D ) from 10 to 20 days into the seed filling period with respect to water restriction treatments. The effect was opposite for the sucrose content, with an increase by up to 50% at the end of the seed filling period (Fig. 6 E, F) . The largest reduction in soluble sugars was observed during the first 5 days of water deprivation (Fig. 6) .
In irrigated and water restriction of both cultivars, the concentration of soluble sugars in the pod walls showed a significant reduction as the seed developed (Fig. 7A-D) . However, in cv. V8025 glucose and fructose showed lower than in the stressed plants (Fig. 7A, C) while in Canario-60 has opposite behaviour (Fig. 7B, D) . The sucrose content increased in cv. V8025 under water restriction at the end of seed maturity (Fig. 7E) ; in Canario-60, the sucrose content decreased at above of watering conditions (Fig. 7F) .
The changes in starch levels appear to be largely independent of cultivar and water availability (Fig. 8) . In all cases, starch was efficiently degraded and reduced to a minimum at 20 days after filling started (Fig. 8A-D) . Under watering conditions, the starch level in the leaves of V8025 increased to reach a maximum level at 10 days into the grain filling period. A large proportion of the starch was hydrolysed from 10 to 20 days into the grain filling period. In Canario-60, the starch level did not increase under watering conditions. Under stress, both genotypes behaved similarly. A significant reduction in starch in the leaves was observed during the first 5 days of water restriction; however, later, starch gradually increased to reach a level similar to that during the beginning of the filling period (Fig. 8) . It seems likely that the apparent increase in starch is due to its complete degradation and the loss of water in the leaf tissue as the water restriction increases.
Discussion
Drought is a major constraint against yield reduction in common beans in Latin America and Africa (Cortés et al., 2013) . Adaptations to water deficit include a variety of mechanisms that enable plants to survive and produce in dry periods (Beebe et al., 2013; Yang et al., 2014; Raven and Griffiths, 2015) . In practical terms, mechanisms of drought tolerance are difficult to analyse because they depend of the interaction between drought and other stress factors, such as high temperature and soil properties (fertility and acidity, among others). It is therefore not surprising that drought tolerance is highly susceptible to genotype × environment (G × E) interactions (Villordo-Pineda et al., 2015) . This phenotypic plasticity is another mechanism contributing to increased performance under drought (Asfaw et al., 2012) . The remobilization of materials accumulating in various organs of the plant is among the few mechanisms by which bean plants support seed development when severe drought affects the grain filling period.
Additionally, the plant complex root system absorbs water and minerals from the soil and hydraulic system transports them to the whole plant (Yaaran and Moshelion, 2016) . However, during severe water deficit the water and mineral uptake are restricted (da Silva et al., 2011) . In contrast, increasing evidence suggests that maintaining adequate plant mineral nutrients is critical for plant drought resistance (Wang et al., 2013) . In our study, the plants of all treatments had adequate nutrition even before suspending irrigation. So, the different reactions to stress among cultivars seem to demonstrate differences in their ability to respond to that stress. We hypothesize that photoassimilate remobilization is one of the mechanisms associated with drought resistance among common bean cultivars as alternative for survival. Our work is focused on the characterisation of two type I and drought-susceptible common bean cultivars (V8025 and Canario-60). The data from this study indicated that the cultivars show different yield even under watering conditions (Figs. 3 and 4) . This fact supports the hypothesis that some cultivars could have fine-tuned mechanism to make optimal grain filling even in stress conditions.
The results indicated that cv. Canario-60 requires a low quantity of water during seed development compared with cv. V8025. This can be interpreted as an adaptation by this cultivar to use water efficiently that could include root physiological adjustments and biomass reduction. In contrast, cv. V8025 had more foliage biomass than Canario-60, and water requirements are high to maintain plant tissues and do not appear to efficiently remove assimilates to the seeds.
The data also showed that cv. V8025 is able to produce high yield with irrigation; however, water restriction significantly affected the number of seed per plant, and seed filling were not completed in nearly all seeds (Fig. 2) . In contrast, seed weight was decreased in cv. Canario-60 due to water restriction and this condition did not affect the seed number. This may be due to a different pattern of remobilization of photosynthates from the vegetative plant structures to the seeds (Asfaw et al., 2012) .
Our results indicate that leaves and other vegetative plant structures in cv. V8025 under water restriction are not maintained as a source of photosynthates (Fig. 3) . Both cultivars were similarly susceptible to stress; however, tolerance to water deficit appears to differ between them. Consequently, the harvest index modified and pod filling index needed to accomplish such phenotypes (Fig. 4) did not reflect the enhancement of photosynthate remobilization from vegetative plant structures following a restriction in water availability. This indicates a possible structural adjustment to the photosynthetic apparatus and/or the conservation of water as a survival strategy (Rosales et al., 2013) .
Unlike photosynthesis, respiration is the express for the whole plant metabolism; but, the effects of water stress on plant respiration have shown large variation among tissues, species and level of water stress (Mohammadkhani and Heidari, 2007) . In the present study mitochondrial could involve the carbon balance in the whole plant. Several evidence has been demonstrate that the redox state (NADH + NADPH/ NAD + + NADP + ) under water deficit is comparable to normal conditions, yet photosynthetic rate is inhibited, suggesting over-reduction (Lawlor and Tezara, 2009 ). The authors suggest that NAD(P)H is dissipated by mitochondria even at rather mild stress and is probably a major sink for electrons originating in the light reactions, with shuttle systems transferring reductant across the chloroplast envelope to the mitochondria , although there is lack of evidence under water restriction despite that the responses of common bean to drought have extensively been investigated (Wentworth et al., 2006; Rosales et al., 2013; Ruiz-Nieto et al., 2015) .
The study was carried out during the filling stage to determine the mechanism by which cv. Canario-60 produces seeds with more a homogeneous weight than cv. V8025 (Fig. 5) . The data showed that water deficit reduced the biomass accumulation in the pod walls. However, cv. V8025 was unable to respond because the weight of seeds was severely affected; however, in cv. Canario-60, no significant pod walls contribution toward the seed filling was detected (Fig. 5) . Although this behaviour may be because pod walls of this cultivar have sufficient stored C to overcome the stress situation, the susceptibility to water restriction by cv. Canario-60 is evident during seed filling, indicating that in the cultivar, susceptible C translocation from the pod walls to the seeds occurs with low efficiency under extreme water stress during the growing seed stage. Canario-60 showed a high yield even under water restriction, which is likely because these plants can exhibit lower stomatal conductance in reaction to environmental changes. This supports the hypothesis that these cultivars have a fine-tuned mechanism to make optimal use of the CO 2 fixed for seed production (Rosales et al., 2013) . However, when growing under different environments (greenhouse and field), the harvest index modified was similar to that of Pinto Villa, a cultivar tolerant to drought in a field under drought treatment (Rosales et al., 2013) .
These findings indicated that genetic variation for the final seed size is clearly indicative in each cultivar. There was also significant variation in final pod length despite the fact that both cultivars are droughtsensitive. Several lines of evidence strongly suggest that the cell division activities are strongly synchronised in the pod walls and seeds to achieve a maximum relative elongation rate (Clavijo Michelangeli et al., 2013) . These findings are in agreement with previous observations from drought-sensitive cultivars. These sensitive cultivars were unable to respond; no differences were detected between optimal irrigation and stress conditions (Cuellar-Ortiz et al., 2008) . The data presented here indicated that pod walls weight is controlled independently in both cultivars and to a great extent independently from seed weight (Fig. 5) . More importantly, the differences observed in pod weight patterns suggest that weight under a drought condition is dynamically controlled from the leaves source rather than the pods during the grain filling consequence of the efficient remobilization of nutrients under stress conditions (Beebe et al., 2013 ). These observations contrasted from depodding results, in which the pods are removed during the grain filling stage and stored for many days to produce viable seeds (Coello and Martínez-Barajas, 2014; Coello and Martínez-Barajas, 2016) . We suggest that pod wall remobilization is a trait characteristic of drought tolerance cultivars (Rosales et al., 2013) where cv. Pinto Villa was more efficient in pod remobilization than Canario-60. However, several lines of evidence strongly suggest that seeds can grow and develop at the expense of the pod walls reserves after the fruits have been removed from the plant (Fountain et al., 1989) . This process involves sensing a reduction in nutrients and the remobilization of the pod walls reserves in bean fruits removed from the plant at 20 days after flowering (DAF), which demonstrated the active remobilization of nutrients from the pod walls to the seeds (Coello and Martínez-Barajas, 2014) . Additionally, previous results indicated that pod walls displayed variation in the dynamics of biomass remobilization (the relative rate at which nutrients were remobilised (Asfaw et al., 2012) . These important parameters have recently been linked to yield potential differences under drought conditions in the common bean (Cortés et al., 2013) . Several reports have demonstrated that drought stress triggers mature leaf senescence, which supports plant survival and the remobilization of nutrients; however, leaf senescence also critically decreases post-drought crop yield (Chen et al., 2015) . These senescence symptoms include decreasing photosynthesis, photosystem II photochemistry efficiency (Fv/Fm) and chlorophyll content, in addition to the differential expression of a senescence marker gene in the older leaves (Muchero et al., 2013; Panda and Sarkar, 2013) . Our results suggest that C balance may be involved in the regulation of drought-induced leaf senescence followed by differential mechanisms of remobilization. Both cultivars produce a similar seed biomass under drought stress; however, the allocation in seeds changes. Canario-60 shows an efficient remobilization toward the seed. These results are consistent with those obtained in storage organs in which high sink strength is characteristic under drought stress in potato tubers. Drought induces a reduction in starch accumulation and AGPase activity in this scenario (Geigenberger et al., 1997) .
Additionally, we evaluate the levels of total soluble sugars and starch in the pods; the values indicated no significant changes between treatments (Figs. 6, 7 and 8 ). An increase in nitrogen remobilization has been associated with the starting of leaves senescence of oilseed rape (Brassica napus L.) (Avice and Etienne, 2014) and carbon in regulation of senescence-initiated remobilization of carbon reserves in rice (Oryza sativa L.) (Yang et al., 2002) . Our analysis indicated that the remobilization from the pod walls toward the seed is a trait of tolerant cultivars, suggesting that there are marked genetic differences between susceptible cultivars in regard to pod remobilization (Asfaw et al., 2012) and strong dynamic variation that occurs independently of susceptibility and the tolerance genotype. We observed that sugars leaves remobilization did not increase the plant yield. This finding suggests the need for partitioning traits. The pod partitioning index in particular has a low association with grain yield under stress environments. Water stress affects leaf net CO 2 uptake by stomatal closure and alterations in the biochemical processes of photosynthesis (Cornic and Ghashghaie, 1991) ; water stress also triggers leaf senescence.
Conclusions
This study demonstrated that water restriction-susceptible cultivars show a balance in allocation of photosynthate reflected by seed weight. The results together indicate that these responses of remobilization are relevant to increase grain yield under water restriction conditions from two different gene pools. In the future, we may focus on several crucial research aspects to further elucidate the underlying mechanisms of the response to CO 2 enrichment in key biological processes, including photosynthesis, respiration, and other related critical metabolic processes and integrate various spatial-temporal scales from molecular, cellular, biochemical, physiological and phenotypical.
